specifically localize the biochemical site of the cholesterol-induced inhibition of cholesterol synthesis. Some of the properties of this negative feedback system are described, and it is suggested, on the basis of these characteristics, that this type of feedback control may be a more widespread means of regulating synthetic processes than has previously been realized.
EXPERIMENTAL PROCEDURE
Male and female rats of the Long-Evans and SpragueDawley strains, weighing between 150 and 250 g, were used in this study. They were maintained on a commercial chow prior to initiation of the experiment. During the experimental period, the control animals were fed ad libitum either a powdered commercial animal chow or Simonson "White Diet" (Simonson Laboratories, Gilroy, Calif.) ; the experimental rats received the same diets, to which cholesterol was added in 0.5, 2.5 or 5 per cent amounts. Cholesterol in these concentrations did not influence the food intake of the rats.
The rats were killed by a blow on the head and exsanguinated. The livers, and in some cases the intestines, were excised and cooled. One mm slices of these organs were prepared by means of a McIlwain tissue slicer, and duplicate 500 mg portions of the slices were placed in the outer wells of 25 ml center-well flasks containing 5 ml of Krebs-Henseleit bicarbonate buffer, pH 7.4, and the C14-labeled substrate. The flasks were then gassed with a 5 per cent carbon dioxide, 95 per cent oxygen mixture and incubated for 3 hours at 370 C in a Dubnoff metabolic shaker.
Acetate-1-C1 and acetate-2-C1' were purchased from Nuclear-Chicago Corp.; mevalonic acid-2-C1' was obtained from Isotopic Specialties Co.; and labeled squalene was biologically synthesized by incubating liver slices from normal rats with mevalonic acid-2-C1' and isolating the synthesized squalene-C1' as described below.
ANALYTICAL METHODS
Isolation of C"O, and nonsaponifiable material. Carbon dioxide was trapped in the center well of the flask with Hyamine 10X as previously described (14) . Following removal of the CO2, the contents of the main compartment were saponified by adding 0. 5 The validity of this method of isolation of squalene-C" was established by forming the hexachloride derivative of the isolated squalene-C" using the method of Heilbron and colleagues (15) . The squalene hexachloride was washed at -20' C 3 times each with ethanol and with ethyl ether. The resulting white powder was dried, dissolved directly in 5 ml of 0.4 per cent diphenyloxazole in toluene and assayed for C" in the liquid scintillation counter. It was found that if the above procedure was followed, at least 95 per cent of the C'4 obtained in the petroleum ether eluate of the silicic acid was recoverable as the squalene hexachloride. On the other hand, if at any stage the extracted squalene was exposed to air in the dry state for a day or more, significant losses occurred.
Cholesterol-C" determination. The fraction containing the cholesterol-C4 was eluted from the silicic acid column with.ethyl ether, and the cholesterol was then isolated as its digitonide by the procedure of Sperry and Webb (16) . The cholesterol digitonide was dissolved in 2 ml of methanol and its C" content assayed as described above.
Fatty acid-C1' and ketone body-C" determination. The aqueous residue obtained after removal of the nonsaponifiable material was heated on a steam bath to remove the ethanol following which the pH of the solution was brought to 3.0 with sulfuric acid. Exactly 40 ml of pentane was next added and the flask was shaken for 15 minutes on an International bottle shaker to extract the free fatty acids. The pentane layer was then removed, washed twice with water and a 4 ml aliquot added to 12 ml of the diphenyloxazole-toluene for C" determination.
To assay the acetoacetic acid-C" and p-hydroxybutyric acid-C", carrier ketone bodies were added to a deproteinized extract of the flask contents, and the method described by Van Slyke (17) was employed to isolate the corresponding Deniges's salt. These were washed twice with 5 ml portions of cold water, mounted on filter paper and their C" content assayed at infinite thickness in a Geiger counter equipped with a micromil window.
The following data represent, in every case, the average value obtained from the analysis of duplicate experiments. the conversion of mevalonic acid to squalene (19, 20) . In order to determine whether dietary cholesterol causes an inhibition of one or more of these reactions, the conversion of mevalonic acid-2-C14 to squalene was examined in the livers of both normal and cholesterol-fed rats.
RESULTS

Influence
As is shown in Table III , cholesterol feeding consistently increased, rather than depressed, the synthesis of squalene from mevalonic acid; the site of cholesterol inhibition is, therefore, not located in this segment of cholesterol synthesis.
Conversion of mevalonic acid to cholesterol. The results of the previous two experiments would indicate that the 22 reactions necessary for the synthesis of cholesterol from mevalonate are not inhibited by cholesterol feeding. This conclusion was further tested by studying the conversion of mevalonic acid-2-C14 to cholesterol. In each experiment, the synthesis of cholesterol from acetate was also examined, using another sample of the pooled liver slices obtained from the same rat. As indicated in Table IV , cholesterol feeding decreased the conversion of mevalonic acid to cholesterol by a factor of from 1.3 to 11; (average 3.9). Although the effect was consistently present, it is clear that, when compared with the inhibition by a factor of 20 to over 100 (average 65) in the conversion of acetate to cholesterol, the decrease in conversion of mevalonic acid to cholesterol cannot account for the overall depression in cholesterol synthesis which is produced by dietary cholesterol. The apparent discrepancy between the results obtained in the squalene --cholesterol and mevalonate --squalene experiments as compared with the overall mevalonate -> cholesterol experiment remains to be explained. It seems likely that the site of the relatively small inhibition observed in the mevalonate -> cholesterol reactions is actually between squalene and cholesterol. The rate of the mevalonate -* squalene reactions was consistently elevated by cholesterol feeding whereas the squalene -* cholesterol steps were much more variably affected. The latter variations could well be due to slight differences in solubilization of squalene in the aqueous media, and this technical difficulty might then prevent the detection of a minor depression in the squalene --cholesterol portion of the pathway. (21) ; however, these data may also reflect differences in cellular permeability for the two substrates.
Specific localization of the site of cholesterol inhibition The results of the previous experiments would indicate that the major site of the cholesterolinduced inhibition of cholesterogenesis must lie in one of the reactions before the utilization of mevaIonic acid. As is shown in detail in Figure 2 , four Figure 2 , this reaction is also required for the oxidation of acetate to carbon dioxide in the Krebs cycle. The effect of a high cholesterol diet on the conversion of acetate to CO2 was therefore studied, and as demonstrated in the fourth column of Table V, C1402 production from acetate-C14 is not depressed by cholesterol feeding. The activation of acetate (Reaction 1, Figure 2 ) can therefore be eliminated as a possible site of the block in cholesterol synthesis.
Cholesterol feeding and the conversion of acetate to fatty acids. The second reaction in the synthesis of cholesterol consists of the condensation of two molecules of acetyl CoA to yield acetoacetyl CoA (Reaction 2, Figure 2 ). This reaction can be evaluated by determining the influence of cholesterol feeding on the synthesis of long chain fatty acids from acetate. As indicated by dotted arrow B, Figure 2, Dietary cholesterol depressed cholesterol synthesis in these studies by a factor of from 10 to 300, and again this could not be related to increases in the concentration of liver cholesterol (columns 4 and 5, Table VI). A depression in the conversion of mevalonic acid to cholesterol was consistently noted following cholesterol feeding; however, once more this effect was in no case sufficient to account for the inhibition produced in the overall reaction from acetate to cholesterol. We would suggest, therefore, that this decrease in the conversion of mevalonic acid to cholesterol is a secondary result-perhaps due to a "disuse" depression of enzyme synthesis-of cholesterol inhibition at a site located prior to the utilization of mevalonic acid. It is noteworthy that mevalonic acid-2-C14 was converted to C1402 at significant rates in all of the experiments presented in Table VI . Since the conversion of f3-hydroxy-/3-methylglutaryl CoA to mevalonic acid has not been found to be reversible (20, 23) , it is unlikely that this C1402 is derived from the conversion of mevalonate to acetyl CoA with subsequent oxidation of the latter in the Krebs cycle. As shown by Cornforth, Cornforth, Popja'k and Gore (24) , the second carbon of mevalonate contributes to six carbons, including two of the angular methyl groups, of lanosterol, and one of these labeled methyl groups must be oxidixed to CO, during the conversion of lanosterol to cholesterol. It follows, therefore, that for each carbon-2 of mevalonic acid converted to CO2, five should be incorporated into cholesterol. The observed values for the ratio: (C1402 from mevalonate-2-C"4):
(cholesterol-C14 from mevalonate-2-C14) in the normal animals varied from 1: 2.5 to 1: 4.0 and averaged 1: 3.2. In view of the possibility that precursors of cholesterol, which have lost one or two of their angular methyl carbons, may also accumulate in this system, the observed ratios are consistent with the concept that most, i.e., approximately two-thirds, and perhaps all of the C1409 produced from mevalonate-2-C14, is a consequence of mevalonate conversion to sterols rather than of breakdown to acetyl CoA. This conclusion is further supported by the finding that less C1402 is produced from mevalonate-2-C14 when the conversion of mevalonate to cholesterol is somewhat suppressed by cholesterol feeding.
DISCUSSION
The present study represents an attempt to elucidate the mechanism by which cholesterol feeding is able to inhibit cholesterol synthesis within the liver cell. The negative feedback reaction involved in this phenomenon must constitute an extremely sensitive homeostatic regulator of cholesterol concentration since, as demonstrated here (Table I) , an inhibition of cholesterol synthesis by a factor of at least 100 can take place before any increase in cholesterol concentration detectable by current analytical procedures has occurred. Such a process is obviously well suited both to counteract minor variations in dietary cholesterol and to mediate the self regulation of endogenous cholesterol synthesis.
The major biochemical steps now believed to be involved in the synthesis of cholesterol are summarized in Figure 3 . The most obvious mechanism by which dietary cholesterol might depress the rate of such a series of reactions is through a mass-action effect on the last reaction of the series. Two pieces of evidence, however, argue against this being the important mechanism by which cholesterol inhibits its own synthesis. First, marked depression of cholesterol synthesis takes place in the absence of any significant increase in the concentration of cholesterol (Tables  I and VI) . Second, the conversion of squalene to cholesterol is not sufficiently depressed by cholesterol feeding to account for the observed decrease in overall cholesterol synthesis (Table II) .
Since the final step in cholesterol synthesis is included in these reactions, a mass-action effect on this terminal reaction cannot be the major means by which cholesterol depresses cholesterol synthesis. With the further observation (Table  III) that cholesterol feeding results in an increased rate of conversion of mevalonic acid to squalene, it is apparent that the control mechanism for cholesterol synthesis must actually be located in the initial steps of cholesterogenesis. A similar conclusion has been drawn by Gould and Popjak (11) and by Bucher and associates (12) .
The series of studies reported here has further led to the conclusion that the specific location of the site of regulation of cholesterol synthesis is at the conversion of 83-hydroxy-/l-methylglutaryl The finding that cholesterol synthesis is primarily regulated at a single site located early in the reaction sequence is significant from the standpoint of cellular economy. Each of the reactions prior to the synthesis of mevalonate is involved in the production of other end products as well as of cholesterol ( Figure 2) ; in contrast, the conversion of /3-hydroxy-/3-methylglutaryl CoA to mevalonic acid represents the first reaction which is unique to cholesterol synthesis in the conversion of acetate to cholesterol. Since this reaction is probably irreversible (20, 23) , a controlling mechanism located at any site later in the reaction sequence would lead to the trapping of intermediates which could probably not be utilized. On the other hand, a feedback regulator located prior to the synthesis of /8-hydroxy-/3-methylglutaryl CoA, while less wasteful, would result in an incidental depression of the synthesis of fatty acids and ketone bodies whenever cholesterol synthesis was decreased. The location of the controlling reaction immediately following the last "branch point" of the chain of reactions leading to cholesterol synthesis is therefore best suited to regulate this overall synthesis with a minimum of secondary biochemical disturbances.
Although certain instances of products inhibiting their own synthesis are known in higher animals, the specific depression of one of a series of reactions by the final product of these reactions has not been previously demonstrated in animal tissues. This type of control mechanism is, however, quite well known in bacteria. In 1950, Gots first noted that the addition of purines to a culture of Escherichia coli inhibited the synthesis of the purine precursor, 5-amino-4-imidazolecarboxamide (25) . Subsequently, Adelberg and Umbarger observed that exogenous valine depressed the formation of its precursor, /8-ketoisovaleric acid (26) . Pyrimidine synthesis is also controlled in E. coli by such a mechanism, since both uracil and cytosine will specifically inhibit the synthesis of ureidosuccinic acid (27) . In bacteria, such feedback inhibition has been shown to be the result of end products inhibiting enzymatic reactions either directly (28, 29) or by suppressing the synthesis of specific enzymes (30, 31) . Furthermore, both mechanisms may operate in the same organism to suppress the same reaction (32, 33) .
It is noteworthy that each of the bacterial feedback systems so far described possesses two important characteristics: first, the feedback regulation always involves the first reaction which is unique to the specific synthetic sequence, i.e., the first reaction beyond the last "branch point" of the metabolic pathway. Second, this site of control in the bacterial systems is an irreversible reaction. Our finding that a feedback system manifesting both of these characteristics is present in higher animals suggests that a very similar, if not identical, type of specific negative feedback mechanism may constitute a more widespread means of controlling metabolic reactions than has hitherto been realized.
Support for this concept is provided by the existence in higher animals of several known examples in which the feeding of a compound suppresses the synthesis of this compound. Purine synthesis is depressed by purine feeding in the rat (34, 35) . Wyngaarden, Silberman, Sadler and Ashton, using pigeon liver, have extensively studied the in vitro effects of purine derivatives on the reactions involved in their synthesis (36) (37) (38) . While the site at which the normal control of purine synthesis occurs has not been established, several purine nucleotides have been shown to inhibit the enzymes involved in early steps of this process, and a specific feedback mechanism similar to that in bacteria has therefore been postulated to explain these observations. Tyrosine feeding depresses the hydroxylation of phenylalanine to tyrosine in HeLa cell structures (39) . Since the conversion of phenylalanine to tyrosine involves only one enzymatic step, it is not necesary to invoke a feedback control to a distant reaction site to account for inhibition; nonetheless, it has been shown that the activity, and probably the synthesis of the single enzyme involved, is depressed by tyrosine feeding (39, 40) . Finally, although the control mechanism has not been investigated, lipogenesis is inhibited in rats by dietary fat (41) .
The demonstration that feedback control of an enzyme far removed from the end product can occur in mammalian tissues raises the question of the role that this mechanism may play in pathological conditions. One might speculate that failure of this type of feedback mechanism, due perhaps to a genetically-derived insensitivity of the single crucial enzyme to its inhibitor, would lead to an excessive synthesis of the end product. According to this concept, familial hypercholesterolemia could be the result of such a defect in the enzyme converting 8-hydroxy-, 8- 
